ABSTRACT The relation between dust exposure, retained lung dust, and pneumoconiosis have been examined in 430 dead coalminers who had participated in a large scale epidemiological survey of respiratory health. The men were divided into three groups depending on the presence of particular lesions in their lungs. Lungs containing no fibrotic lesions in excess of 1 mm were included in the "M" group, those with fibrotic lesions of between 1 mm and 9 mm in diameter were included in the "F" group, and those with any lesion 10mm or more were categorised as having progressive massive fibrosis (PMF). The men were further divided into four groups according to the rank of coal mined at the colliery of employment. The mean weight of lung dust increased over the pathological range (M-.F-+PMF) regardless of the rank of coal mined. The men with PMF had not received unusually high exposures to dust in life but were found to have accumulated more dust in their lungs per unit of dust exposure than men without PMF, providing further evidence for differences in the patterns of deposition or clearance, or both, of dust in these men compared with those who do not develop PMF. For men who had mined the higher rank coals there was no difference in the composition of the lung dust between the pathological groups. Lungs from men mining low rank coal, however, showed a striking increase in the proportion of ash over the pathological groups (M, F, and PMF). In men who had mined low rank coal the proportion of ash in the airborne dust to which they had been exposed and in the dust retained in their lungs was, as expected, greater than in men who had worked with higher rank coals. For the same men, and particularly associated with the presence of some dust related fibrosis, the proportion of ash in retained dust was higher than that in the dust to which the men were exposed suggesting the occurrence of selective deposition or retention of the mineral components of dust in this group.
Early work on miners from south Wales suggested that the pathological grade of pneumoconiosis was directly proportional to the mass of dust recovered from the lungs at necropsy' and that the composition of the retained dust was little different from that encountered at the workplace.2 Progressive massive fibrosis (PMF) was considered to be either a complication resulting from a secondary factor, widely believed to be tuberculosis, or a form of silicosis.
Regional variations in the prevalence of pneumoconiosis, particularly PMF, prompted an interest in studies of miners from areas other than south Wales. The results showed that the amount of dust found in lungs from north west England was somewhat lower than in south Wales and that this dust had a significantly greater ash content.34 Subsequent work, covering most coalfields in Britain, indicated Accepted 14 April 1986 that the composition of the lung dust was related to the rank of coal mined. 5 At the same time the accumulation of dust in lungs was examined. Lungs from hauliers and other underground workers were shown to contain less dust and to accumulate less dust per year than those from colliers.1 Furthermore, the rate at which dust accumulated in the lungs of men without PMF was found to be related to coal rank, with men from collieries mining high rank coal accumulating dust faster than men mining low rank coal.5 This work also showed that men with PMF accumulated dust at a greater rate than men without. 5 These studies made a major contribution to the understanding of the relation between occupational 796 study was to use more recently available estimates of life time exposures to respirable dust, based on between 10 and 20 years of measurements of respirable dust concentrations collected during the National Coal Board's Pneumoconiosis Field Research (PFR),6 to investigate the relation between calculated dust exposure and lung dust burden. A further aim was to determine whether this relation varied according to the pathological grade of pneumoconiosis and the type (rank) of coal mined.
Materials and methods
Between June 1972 and October 1977 430 pairs of lungs were collected from coalminers who had been employed at the 24 PFR collieries representing the major British coalfields. Of these specimens, 414 were obtained from the pneumoconiosis medical panels who had examined them for evidence of pneumoconiosis for compensation purposes. Forty per cent of the men were not in receipt of compensation and a large proportion of them had not attended the panels. The remaining pairs of lungs were obtained from hospitals in the vicinity of coalmines by courtesy of the local pathologists.
The study group did not represent a random sample of the mining population nor of the PFR study population. It did, however, cover the broad range of lung disease associated with the mining industry and a wide range of dust exposure.
PATHOLOGICAL EXAMINATION
In most cases the lungs had been cut at necropsy or by the pneumoconiosis medical panel doctor before examination. This was normally in the sagittal plane and sectioning was completed where necessary. Each slice was examined for evidence of PMF and a respresentative slice from each lung was examined in more detail for numbers and sizes of dust lesions and extent of emphysema. The results of some analyses of these data have been described.78
Three pathological groups were defined according to the presence of particular dust lesions. Lungs assigned to group "M" showed focal dust deposits with minimal evidence of fibrosis; those in group "F" had, in addition, one or more fibrotic dusted lesions between 1 mm and 9 mm diameter; and those in the PMF group showed fibrotic dusted lesions 10mm or more in diameter. Subjects in the M group, whose lungs showed only macules, rarely had radiographic evidence of pneumoconiosis.9 LUNG DUST ANALYSIS After pathological examination one lung from each pair was used to determine the weight and composition of retained dust. Dust was extracted from Douglas, Robertson, Chapman, Ruckley representative samples of whole dried lung by hydrolysis in 11 3 M hydrochloric acid.'0 After weighing, the dust was ashed in a muffle furnace and the coal content calculated from the weight loss. The quartz, kaolin, and mica content of the ash were determined using infrared spectrophotometry." 1 The dust weight for both lungs was calculated by multiplying the measured dust weight by a factor to allow for the different ventilation of the left and right lungs."2 For this study the factors were 186 if the right lung had been used for dust analysis and 2-16 if the left lung had been used. DUST 
EXPOSURE
Respirable dust concentrations were measured at 24 collieries for 12 years, starting in 1954, and measurements continued at 10 of these collieries into the 1970s. Two types of dust sampler were used. Until 1968 airborne dust was sampled by the standard thermal precipitator (STP) and its concentration and composition were determined by optical microscopy. Latterly the MRE gravimetric dust sampler type 1 13A was used, dust concentration being determined by mass and dust composition by infrared spectrophotometry." Factors for the conversion of the earlier measurements to equivalent respirable gravimetric values were determined experimentally for each of the 24 collieries.'3 Additional compositional analyses of the samples collected using the STP were carried out by infrared spectrophotometry'4 and the results obtained by optical microscopy were adjusted accordingly.
Dust concentration and composition were measured for occupational groups which defined work type and location within a colliery. The cumulative dust exposure for each man was calculated from the recorded number of shifts worked in each occupational group and the corresponding dust concentration figures, and was expressed as gram hours per cubic metre of sampled air (ghm -3). For the period before PFR, cumulative dust exposures were estimated from the early PFR dust concentration measurements and data on working histories obtained by interview. The calculation of cumulative dust exposure is described elsewhere. '5 Although there was considerable variation between miners in the proportions of the estimated component of the exposure, this has been found to have little effect on the various relations under investigation. '6 COAL RANK Using the National Coal Board's coal rank classification the collieries were divided into four groups according to the rank of coal mined. Rank of coal is a descriptive term for the position on the geological "coalification" scale from lignite to anthracite. For each coal rank group, subjects in the M pathological group had been exposed to the least respirable dust in life and, in general, those in the PMF group to the most (table 1) . There was a similar increase between the M and PMF groups in cumulative exposure to the non-coal mineral (ash) component of the dust (table 1) .
When coal rank groups were compared within any pathological group it was noted that, for groups F and PMF, men in the lowest rank group D had been exposed, on average, to less dust than men in other rank groups (table 1) .
For all pathological groups, subjects from the highest rank collieries (rank group A) had been exposed to less ash (and its measured components quartz and kaolin plus mica) than those from lower rank collieries (table 1) .
There were no obvious differences in the mean percentage composition of respirable dust between pathological groups from the same coal rank group but there was a significantly greater proportion of ash in respirable dust from low rank collieries when compared with the high rank groups (table 2) .
An examination of the number of years of exposure showed that men with PMF from coal rank group A tDifference from rank group A p < 0-05. Table 6 presents mean values of this ratio calculated for ash and quartz for subjects arranged by pathological and coal rank groups. The pattern of results for kaolin plus mica was similar to that for quartz. For subjects with some lung fibrosis (F and PMF pathological groups) in the lower coal rank groups, C and D, the proportion of ash in the retained lung dust is greater than in the dust to which the men were exposed. This difference is most striking for the measured ash components, quartz and kaolin plus mica; for men with fibrotic nodules from coal rank C and men with PMF from ranks C and D the proportion of quartz in the lung dust was, on average, more than twice that measured in the respirable coalmine dust. Discussion Interest in the relation between the dust retained in the lungs of coalworkers and that to which they were exposed centres on two particular issues. The first concerns how far the amount of dust retained reflects the lifetime exposure of an individual; the second considers the effect of dust composition on this relation.
Previous studies have used broad indices of exposure such as years spent underground or an overall figure for exposure to dust. For this series of men the availability of measured exposure to respirable dust from Pneumoconiosis Field Research has provided a unique opportunity to investigate the relation more closely.
In addition to finding that the lungs from men with PMF contained on average more dust than the lungs from men who do not have PMF we have been able to demonstrate that men with PMF accumulated more dust per unit exposure than men without. This suggests that lung dust burdens are not simply a reflection of dust exposure but that patterns of deposition or clearance, or both, may differ between men who develop PMF and those who do not. Such differences are unlikely to be due to a single factor. It may be that clearance of dust is impaired by the splinting effect of fibrosis on the lung; further examination of available data showed that, in men working high rank coal, the accumulation per unit of exposure did increase with increasing size of the PMF lesions. It is equally possible that differences in accumulation of dust, for whatever reason (breathing rates physical characteristics, for example) are a factor in the development of PMF. The present data are not suitable for the examination of such a hypothesis.
The dust exposure data used in this study are based on measurements of respirable dust concentrations. While it is recognised that there are well defined differences in the sampling efficiencies between the 800 alveoli and respirable dust samplers it has generally been believed that these are not important in epidemiological studies. Recent work in Germany, however, has suggested that these differences are relevant. 17 In particular the relation between respirable dust concentrations and "alveolar disposition" dust concentrations was found to be dependent on ash content. It was concluded that the use of respirable dust concentrations would result in a serious overestimate of dust exposure where the dust contained a high proportion of ash. If this was the case then we might expect that men who had been exposed to low rank (high ash) coal would have retained less dust per unit exposure than men who had mined high rank coal. That such differences were not observed suggests that there were no systematic variations in the measurements of respirable dust concentrations with coal rank.
The second point of interest in the relation between retained dust and dust exposure relates to differences in dust composition. We have shown that dust from the lungs of men with fibrotic nodules or PMF who had mined low rank coals contained a higher proportion of ash than was recorded in the mine dust. Further, the proportion of quartz in the lung dust was up to twice that in the respirable dust to which the men were exposed. This has been observed in other studies of coalworkers 8 and of hard rock workers. "9 There are no simple explanations for this observation but, in tracing the sequence from exposure to alveolar deposition, several factors may be examined.
Given that maximum alveolar deposition is afforded to particles between 2 and 4pum, if the ash components of respirable dust contribute more of the smaller particles than the coal20 then proportionately more ash may be deposited. While the mean volume median diameters of respirable mine dusts collected by MRE type 113A gravimetric samplers range from 2-5 to 6-5 gm equivalent spherical diameter (esd)21 those measured for lung dust in the present study lay between 1-6 and 3-5 gm esd. There is, therefore, some evidence that proportionately more ash may reach the alveoli than would be predicted from the composition of mine dust collected by the sampler but this alone cannot explain the differences between pathological groups. A further possibility that could influence the relative retention of mineral components is that a figure for cumulative exposure may conceal short periods of exposure to exceptionally high concentrations of dust with a composition considerably different from that regularly encountered. It is known that short periods of exposure to high quartz levels may be associated with an increase in the radiological progression of pneumoconiosis22 but the effects of such short periods on lung dust burden and composition have not been ascertained. Douglas, Robertson, Chapman, Ruckley The apparent concentration of quartz in the lung dust from men in the F and PMF groups from low rank collieries is of particular interest in the light of our recent finding that dust composition is associated with distinctive histological patterns of pneumoconiotic lesion, a more fibrogenic response being related to dust containing a high proportion of ash. 23 The more fibrogenic response to the ash component of dusts may lead to its sequestration in the lung whereas coal is removed by way of the mucociliary escalator or by macrophage activity. It has been suggested that the presence of other minerals, particularly mica, may reduce the fibrogenicity of quartz present in coal mine dusts.24 This protective effect has not so far been explored in our current studies.
We consider that further investigations into the relation between dust exposure, lung dust burden, and the ensuing pathological response is required. In the present work, for example, the men have been divided into three broad groups according to the presence of absence or fibrotic lesions of different sizes; further work should include examination of the relation taking account of more detailed pathological information and some of the more complex interactions between dust components, periods of exposure, and time out of the industry. Such research is fundamental to an understanding of how much dust encountered at the workplace will cause significant disease. We are grateful to many colleagues in Pneumo 
